Abstract A new commercial cationic polyelectrolyte chitosan (CM), obtained from the waste of mushroom production, was examined using models of water and wastewater namely kaolin and palm oil mill effluent (pome). As it is biocompatible, widely available, and economically feasible, chitosan mushroom has high potential to be a suitable replacement for alum. Also, it can be a promising alternative to chitosan obtained traditionally from Crustaceans due to its higher zeta potential and homogeneity based on the raw material required for its production. A wide range of coagulant dose (5-60 mg l −1 ) and wastewater pH (2-12) were taken into account to find the optimal conditions of coagulation. The optimal doses are 10 and 20 mg l −1 at best pH (11 and 3) when treated with kaolin and palm oil mill effluent, respectively, while 1200 mg l −1 of alum was not enough to reach the efficiency of chitosan mushroom. On the other hand, the optimum dose of chitosan mushroom (20 mg l −1 ) at pH 3 of pome produced (75, 73, and 98%) removal of chemical oxygen demand (COD), biological oxygen demand (BOD), and total suspended solids (TSS), respectively. The significant potential of chitosan mushroom was proved by zeta potential measurement. Indeed, it possesses the highest zeta potential (+70 mV) as compared to the traditional chitosan produced from crustaceans. In short, chitosan mushroom as a biocoagulant is eco-friendly and it enhances water quality that meets the requirements of environmental conservatives.
Introduction
Coagulation is a pivotal physicochemical process that has been broadly applied as a pre-or post-process step in wastewater treatment (Ang et al. 2016) . Typically, the main objectives of coagulation are to remove the colloidal materials (Daud et al. 2015) such as microorganisms (Koivunen et al. 2003 ) from water and wastewater, thereby reducing the turbidity. Alum coagulants are the most common agents used in wastewater remedy (Xu et al. 2016) due to their high efficacy, relatively low cost, and availableness (Lin et al. 2017 ). However, recent published studies have cast doubts about the use of alum salts due to several drawbacks such as the occurrence of Alzheimer's disease, extremely pH-sensitive, and a large amount of residual sludge in the treated water (Ramavandi 2014; Zurina et al. 2014) . Therefore, many researchers have turned their faces toward safer coagulants that can be (1) more effective, (2) human health friendly, (3) economic, and (4) biodegradable (Abidin et al. 2011; Hamid et al. 2014; Oladoja 2015) . Natural coagulants can be extracted from the sustainable sources such as plants, animals, and microorganisms (Abidin et al. 2011) .
Chitosan is a biodegradable, non-toxic polysaccharide of D-glucosamine connected to N-acetyl-D-glucosamine by the β-1,4-glycosidic bond (Ren et al. 2005) as shown in Fig. 1 . Chitosan is considered as the second most abundant natural polymer after cellulose (Wang et al. 2016a, b) . Chitosan has attracted considerable attention recently due to its biodegradable characteristics, which offer important health and economic benefits (Ramawat and Mérillon 2015) . The water solubility and the molecular weight of chitosan as a biocoagulant are among its prominent properties. For instance, the high molecular weight improves the agglomeration of the colloids and thus enhancing the colloid separation from wastewater through bridging (Altaher 2012) . The solubility of chitosan depends on the pH value, and it occurs due to the presence of intermolecular hydroxyl and amino groups on its backbone. Consequently, it dissolves readily in acidic solutions whereas it is insoluble in natural and alkaline solutions (Wang et al. 2009 ). The availableness of hydroxyl and amino groups in the backbone of chitosan boosts its high sorption property and thus producing an effective reduction of pollutants (Yang et al. 2016) . The hydroxyl groups offer the polymer hydrophilic properties and induce the chelation effects while the amino groups contribute in cationic charge of acidic solutions (Roussy et al. 2005) . Also, chitosan possesses moderate to high molecular weight, thereby bridging mechanisms are possible to control the coagulation process (Yang et al. 2016) . Normally, chitosan is obtained from Crustacea (shrimp and crab) and fungi (Kumar 2000) . Chitosan is produced by the deacetylation of the N-acetyl glucosamine units of chitin (Wang et al. 2016a, b) . Traditionally, researchers have focused on the application of the commercial cationic chitosan which is produced from Crustacea in the separation of the negative suspended solids from wastewater by coagulationflocculation (Chi and Cheng 2006; Rizzo et al. 2008; Sila et al. 2014) . A considerable amount of literature has been published on the application of chitosan of Crustacean origins as a biocoagulant in wide variety of effluents, for instance, drinking water (Türker and Baran 2017) , textile industry (Rao 2015), petroleum industry (Hosny et al. 2016) , shallow water bodies (Miranda et al. 2017) , seawater (Altaher 2012) , protein recovery (Wibowo et al. 2005) , and colloid latex (Ashmore and Hearn 2000) .
On the other hand, the raw materials required for the chitosan production from Crustacea are seasonal and variable thereby produce a heterogeneous product based on its physiochemical characteristics. Also, chitosan production rate is low due to the long time required for the reaction completion (Pochanavanich and Suntornsuk 2002) . Therefore, the production of chitosan from an alternative source of chitin is very substantial. In this scenario, mushroom can be a promising alternative source of chitin. The application of chitosan of mushroom origin in wastewater treatment has never been investigated before.
In this paper, the performance of chitosan obtained from mushroom as a new natural coagulant agent for the removal of turbidity was examined at different doses of coagulant and at various values of pH. Chitosan was compared with alum when applied to remove the suspended solids from kaolin and pome as the wastewater models.
Material and methods

Coagulant preparation
CM was provided by Xi'an Surnature Biological Technology Co. Ltd, China. CM specifications were as follows: molecular weight 161.16 g mol , deacetylation DD 90.1%, ash content ≤1.5%, and viscosity 1-2 CPS. Chitosan solution was prepared according to Guibal and Roussy (2007) . One gram of chitosan powder was added to 98 ml of deionized water, and the solution was left for 24 h. Next, 1 ml of acetic acid was added to the mixture and also left for 24 h. Finally, the solution has been kept under mixing for 1 h and the final solution of 1 l was produced.
Wastewater samples
In this study, synthetic kaolin solution and pome were used as the wastewater models. A stock solution of kaolin was added to tap water to prepare the samples of synthetic wastewater. The stock solution was prepared by the addition of 10 g of kaolin powder to 1 l of distilled water. Then, the suspension was mixed slowly at 20 rpm for 1 h using a jar test apparatus to obtain a uniform dispersion of kaolin particle. Subsequently, the produced suspension was left for 24 h to complete the hydration of the kaolin. Prior to the coagulation experiments, samples of 2500 NTU initial turbidity were prepared by the addition of around 70 ml of stock kaolin suspension into 430 ml of tap water. The initial pH of the synthetic water has been adjusted to the desired value through 1 M of sodium hydroxide (NaOH) or 1 M of hydrochloric acid (HCl).
A fresh sample of pome at a temperature range of 80-90°C was collected immediately following the milling process from Seri Ulu Langat Palm Oil Mill Sdn Bhd, Dengkil, Selangor Darul Ehsan, Malaysia. Prior to coagulation experiments, pome sample was left in order to be in equilibrium with the ambient temperature and also to let the settable solids to sediment; subsequently, the supernatant was drained. Table 1 shows the initial conditions of the raw pome.
Coagulation experiments
Coagulation efficiency of CM was examined using the jar test equipment. For every batch, six beakers of 1 l were filled with 500 ml wastewater sample and adjusted to the required pH (from 2 to 12). Next, the coagulant dosage (5-60 mg l −1 ) was measured and pipetted inside the wastewater beakers and placed in the jar floc test apparatus (JLT 6 Velp Scientifica, Usmate, Italy). It was mixed at 100 rpm for 4 min, followed by 40 rpm for 25 min and then followed by sedimentation time. Finally, 20 ml of treated sample was taken from the middle part of the solution (2 cm below the surface of the sample) using a pipette and was put into the turbidity bottle to measure the final turbidity using Hach Turbidimeter Model 2100 N.
Chitosan characterization
FTIR
Fourier transform infrared spectroscopy (FTIR) (model Spectrum 100 FT-IR Spectrometer, Perkin Elmer) was applied for determinations of functional groups of CM. FTIR spectra were recorded in the range of 4000 to 400 cm −1 with a resolution of 4 cm −1 at room temperature.
Zeta potential
Zeta potential measurements of CM were performed by photon correlation spectroscopy (PCS) using a Zetasizer ZS model (Malvern Instruments, UK). The apparatus was run, and the measurement cell was filled by the sample of coagulant solution. Then, zeta potential was recorded.
Antimicrobial test
To determine the antimicrobial activity of CM, antimicrobial test was carried out by testing CM efficacy in the treatment and inhibition of bacteria. The test was conducted by placing a disk paper (6 mm diameter) containing antibiotic (CM) onto a test plate where microbes were growing. Four types of microbes have been used in this test namely Bacillus subtilis B29, Staphylococcus aureus S276, Pseudomonas aeruginosa ATCC 15442, and Escherichia coli E266. Each microbe sample was prepared according to 0.5 McFarland standards (108 cells). Streptomycin standard was used for each type of bacteria. Nystatin standard was used for yeast and fungi.
The plates were incubated at 30-37°C for 18-24 h to ensure a sufficient growth has occurred. After incubation, each plate was examined. Then, the diameters of the zones were measured including the diameter of the disk. Inhibition zone was measured using sliding calipers or a ruler which was held on the back of the test plate.
Results and discussion
Chitosan characterization FTIR analysis Figure 2 represents the IR spectrum of CM. The spectrums show the plot of absorption intensity versus the wavenumber (wavelength frequencies) of the compound. The wavelength used for IR spectroscopy was from100 to 4000 cm −1 . Five main peaks with different intensity were detected at different frequencies which are as follows: peak 1 with (N-H)-amine stretch bonded at 3363 cm
, peak 2 with CH 2 OH and CH 3 stretch at 2886 cm . The band at 1621 cm −1 could be attributed to the stretching of C-N vibration of the superimposed C=O group, linked to OH group by H-bonding (Jun et al. 1994 ). The ammonium NH 3 band appears as a small shoulder at 1514 cm −1 (Osman and Arof 2003) . The area between 1000 and 1150 cm −1 corresponds to vibrational modes of C-OC, C-OH, and C-C ring vibrations (Kolhe and Kannan 2003) . The region between 1400 and 1700 cm −1 corresponds to the carbonyl, C=O-NHR, amine, NH 2 , and ammonium, NH 3 + bands (Osman and Arof 2003) .
As can be seen from the Table 2 , it is clear that CM contains an amino group in its backbone. As mentioned in the literature review (Wu et al. 2015) , free amino groups provoke the cationic property, thereby improving both the charge neutralization of suspended solids and also bridging flocculation.
Zeta potential measurement
Zeta potential is the measurement (in millivolts) of the electrical potential between the bulk liquid and the layer of positive ions (counter ions) which surround the negative colloid in water. Repulsive forces between the suspended solids are directly proportional to zeta potential. Reducing the zeta potential is conducted by the injection of cationic coagulant (Parthasarathy et al. 2016) .
The zeta potential of CM was tested by photon correlation spectroscopy (PCS) using a Zetasizer ZS model (Malvern Instruments, UK). The results were presented in an average A recent study has determined the zeta potential of traditional commercial chitosan of high and low molecular weight from crustacean to be 26.8 and 33.7 mV respectively (Meraz et al. 2016) . Several researchers (Yang et al. 2013; 2012; Du et al. 2009 ) have attempted to modify chitosan in order to increase its zeta potential value. Du et al. (2009) for instance, reported that the zeta potential of modified chitosan produced from shrimp has a greater zeta potential of +51.37 mV.
In comparison with the commercial chitosan produced from Crustaceans such as shrimp and crab, CM possesses significant zeta potential which in turn contributes to lowering the necessary dosages required for the coagulation process and thus offers economic benefits.
Antimicrobial activity
Chitosan possesses a high potential in curbing the bacteria due to its antimicrobial activity. Chitosan coagulates the bacteria presented in wastewater via bridging mechanism (Roussy et al. 2005) .
The antimicrobial activity of CM has been examined by the exposure to the microorganism's samples for 1 day. The test was conducted by macroscopic inhibition zone method. Four types of high-risk bacteria were tested, namely, Bacillus subtilis IB29, Staphylococcus aureus S276, Pseudomonas aeruginosa ATCC 15442, and Escherichia coli E266. Figure 3 depicts the result of a typical antimicrobial test of CM against P. aeruginosa ATCC 15442 as determined by the disk method. The antimicrobial activity was determined by the length of the diameter of the inhibition zone. CM had clear inhibition (7 mm) when a 10% concentration was used which is no. 2 in the photograph, while it did not show a clear activity when 1% concentration was used as shown in no. 3. The no. 1 represents the standard used in this test which was (Streptomycin)-bacteria which showed a very wide zone (31 mm).
The test was repeated using three other microorganisms, and the results are shown in Table 3 . CM (10% concentration) showed clear microbial inhibition zones against all four test microorganisms using the disk method. It is well known that chitosan itself has antimicrobial activity due to its cationic property (Rhim et al. 2006 ). The high zeta potential is due to the presence of the active functional group (i.e., amine) which provokes the microbial inhibition.
Coagulation experiments
Effect of pH Figure 4 shows the effect of pH on the coagulation efficiency based on the maximum turbidity removal using CM with synthetic wastewater and pome. Interestingly, CM produced a significant removal of turbidity between pH 10 and 12 when with treated kaolin solution. The best efficiency (99.5%) was observed at pH 11, with the turbidity dropping from 2500 to below than 13 NTU using 20 mg l −1 of coagulant dose. On the other hand, CM achieved relatively high removal percentage (80-94%) in the pH range 2-6, while the turbidity removal at pH 7-9 was almost 89-93%. It can be concluded that CM is applicable efficiently within a wide pH range. Also, it can be observed that alkaline conditions are more favorable for CM due to the high turbidity removal compared with acidic pH (i.e., pH 2-6). A previous report stated that each coagulant possesses an optimum pH with a given dosage which produces the maximum efficacy. Also, the type of colloid in the water affects the coagulation efficiency (Sanghi et al. 2006 ). There are several mechanisms which is normally associated with natural coagulants. They are adsorption and neutralization, and adsorption and bridging. At low pH, it is believed that adsorption and neutralization mechanism dominates compared to adsorption and bridging. This is indicated by the highly positive zeta potential of CM. Most of the cationic property of chitosan is due to the -NH 3 + group that contributes to the neutralization of anionic suspended particles by oppositely charged interactions.
However, at alkaline conditions of water samples, it is suspected that adsorption and bridging effect takes place. CM is a polymer with long chain of molecules. Previous research (Paulino et al. 2006) has established that chitin and chitosan are polysaccharides that have multiple hydroxyl (−OH) and amide (R-CO-NH 2 ) or amine (R-NH 2 ) functional groups. Furthermore, based on FTIR results, CM also contain functional groups such as C=O, C-O-H, and others that make it possible for some parts of the CM molecules and the suspended particle to form interparticle bridging interactions like Van der Waals, hydrogen, or even ion exchange at high pH conditions. The bridging action results in the formation of floc particles having favorable settling characteristics (Abidin et al. 2017) .
CM also effectively works well in the therapy of pome. As shown in Fig. 4 , it gives the best turbidity removal at pH 2-5 and highest removal (99%) at pH 3. Again, the high performance of coagulation of CM because chitosan carries an amino group in its polymeric chain which in turn provokes the cationic property. Ahmad et al. (2006) reported that chitosan chain structure has positively charged amine (NH 2 ) functional group, which is responsible for the polyelectrolyte behavior. Chitosan is able to coagulate negatively charged colloid with its positively charged functional group. On the other hand, based on Fig. 4 , the efficacy of CM has declined when the pH increased to 7 and above. These limitations in polymer efficacy to precipitate the suspended solid are due to the Tests were replicated three times; ± is the standard deviation. All results are in millimeters (mm). Zone of 6 mm gives no clear inhibition, 6-8 mm clear inhibition zone. Ten microliters of 10% chitosan were added to each test reduction occurred in free radical atoms of positive charge because of the deprotonation in high pH values. Furthermore, the ability to form adsorption and bridging effect with pome suspended solids may have not been very successful due to the complexity of POME particles compared to kaolin. In addition, the performance of CM was compared to alum in terms of the alteration of final pH of treated water. Figure 5 shows preference of the natural coagulant (CM) over the inorganic coagulant (alum). A slight change occurred on the initial pH in the treated water (±0.03 to ±0.4) when CM was applied while a significant decrease (±0.85 to −8) in pH value was detected when alum was used. Previously published studies have also shown the priority of biocoagulants over the traditional coagulants; for instance, Abidin et al. (2011) reported that the application of the extract of Jatropha curcas has slightly altered the initial pH of treated water samples. ) to pome. The increase of the CM doses to 50 and 60 mg l −1 in the treatment of kaolin solution led to insignificant decrement to 98 and 94% of turbidity removal, respectively, due to the control of adsorption and charge neutralization mechanism on the coagulation of kaolin by CM. The addition of extra doses leads to reverse the electrical charge of colloids after being neutralized which in turn provokes the occurrence of repulsion forces again. On the other hand, there is no change was observed on the turbidity reduction when a higher dose of CM was added to pome sample due to the control of the processes of absorption and interparticle bridging. It may be due to the zeta potential does not reach to zero value. Chitosan has a very high potential in the aggregation and agglomeration of flocs due to the presence of amino groups as positive active sites which can be easily attached to the negative particles. The potential of chitosan is directly proportional with the protonation of amino groups. In acidic solutions, the amino groups become protonated and thus increase the zeta potential. Sci Pollut Res (2017) 24:20104-20112 On the contrary of alum, CM showed the highest turbidity removal (almost 99%) for kaolin and pome using 10 and 20 mg l −1 , respectively, while alum achieved its highest performance of 93% using 1200 mg l −1 alum for kaolin and pome. Thus, the dose used of CM was 120 and 60 times lesser than that used by alum for kaolin and pome, respectively, as can be seen in Fig. 7 . In addition, CM completed entire sedimentation within approximately 8 min. Using 20 mg l −1 of CM at pH 3 of pome.
Effect of dose
On another hand, the sedimentation time required due to the use of 1200 mg l −1 of alum was almost 60 min. Longer time was needed for alum to complete the precipitation of the flocs when compared to CM. The coagulation process using alum coagulant produces small flocs. These flocs possess a fluffy mass which in turn needs longer time to settle down at the bottom of the coagulation reactor. While the flocs formed due to the use of the natural coagulant (CM) is sufficiently loose to sediment within a remarkable time (8 min). In a case of CM application, the aggregation and agglomeration of flocs are controlled by the bridging mechanism, and thus, large flocs are produced and can readily settle down to the bottom.
Moreover, Fig. 8 shows the parameter reduction % in terms of COD, BOD, and TSS for CM and alum when applied for the therapy of pome. CM achieved a high removal (75, 73, and 98%) for COD, BOD, and TSS, respectively, using 20 mg l ) of coagulant, where chitosan produced approximately 70 and 85% removal of COD and TSS, respectively.
Effect of storage time and condition
The effect of the storage time and conditions toward the coagulation performances in wastewater treatment is one of the factors that should also be taken into account when dealing with the natural coagulant. Figure 9 shows the effect of storage conditions of CM within 4-week duration when applied on turbidity removal from pome.
CM performance has reduced with a longer storage time, and the percentage of turbidity removal decreased from almost 99 to 93% and 92% at room temperature and 4°C, respectively, during 4-week storage. The reduction in the turbidity removal performance when the samples were kept at room temperature may be due to the high humidity of tropical open air environment, while the decrement in the CM potential when stored inside the fridge (i.e., at 4°C) can be attributed to the agglomeration of chitosan macromolecules (Jun et al. 1994) . It is recommended to prepare fresh solutions of mushroom chitosan to ensure a high efficiency of coagulation. Fig. 8 Effect of CM and alum on the reduction of COD, BOD, and TSS in pome pretreatment Fig. 7 Comparison of CM and alum on kaolin and pome treatment Fig. 9 The effect of storage conditions for 4-week duration on CM performance
Conclusions
This study has examined the efficacy of new chitosan obtained commercially from a mushroom in the removal of suspended solids from kaolin and pome. CM showed a significant contrast in terms of pH dependency in the treatment of kaolin and pome. CM is very active in alkaline conditions (pH 11) when treated with kaolin and in acidic conditions (pH 3) when treated with pome. This may be attributed to the amphoteric property of CM which enables compounds to work in various values of pH. A dosage of 10 and 20 mg l −1 removes up to 99% of solids from kaolin and pome, respectively, with initial turbidity 2500 NTU without the need for filtration. The floc produced during coagulation process is loosely enough to precipitate within approximately 8 min under the optimum conditions. The estimated cost to produce almost 99% turbidity removal due to the application of CM in the treatment of pome samples with 2500 NTU initial turbidity is Ringgit Malaysia (RM) 4.52 per cubic meter, while RM 84 as a cost for alum application was not enough to reach the efficiency of CM for the same initial turbidity. It is highly recommended to apply and examine CM not only in wastewater treatment technology but also in the other applications such as medical, fruit coating, and many others; further work is needed on studying the unique chemical properties of CM.
